Introduction
Fluorescence resonant energy transfer (FRET) is the energy transfer from the donor to the acceptor via non-radiative transition dipoledipole interactions. The energy transfer efficiency (E FRET ) depends on the distance between the donor and acceptor: 1, 2 E FRET = 1/[1 + (r/R 0 ) 6 ] (1) where r is the separate distance between two fluorescent dyes, the FRET donor and acceptor, typically the distance is in the range of 30-80 Å. R 0 being the Förster radius, is the separate distance when E FRET equals 50% and is dependent on the dipole orientation of the two dyes, the refractive index of the medium, the spectral overlap integral between donor emission and acceptor absorbance, and the quantum yield of the donor.
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Since E FRET is sensitive to distance changes between the donor and acceptor, and the energy transfer efficiency can also be determined by probing the fluorescence intensity of the donor (I D ) and acceptor (I A ): 
Therefore, by labeling the donor and acceptor dye probes in the specific positions of a protein and measuring single-molecule E FRET B t trajectories, the time-resolved single-molecule conformational dynamics can be probed. [3] [4] [5] [6] [7] [8] [9] [10] However, the FRET signals on the basis of donor-acceptor (D-A) photon intensities measurements coming from the ratio of photon intensity typically depends on a number of experimental configuration and detection parameters: such as direct excitation of the acceptor at the donor excitation wavelength, donor fluorescence photons bleak through the acceptor photon detection channel, excitation intensity, collection efficiency, and position of dye with respect to the excitation beam, and thermal noise, etc. 11, 12 A typical FRET intensity-based efficiency measurement is particularly susceptible to measurement error and background noise when the experimental parameters are variable and time dependent during the measurements. The measurement error can even dominate the real signals, especially, for protein or enzymatic conformational dynamics study in catalytic reactions: since the change in the donor-acceptor distance is often only 1-2 nm for the enzyme active-site conformational changes. [13] [14] [15] [16] Fluorescence lifetime refers to the average time that a molecule stays in its excited state before emitting a photon and is an intrinsic property of a fluorophore. 1 At the single molecule level, the fluorescence lifetime fluctuates reflecting the heterogeneity and fluctuations of the local environment.
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The excited-state energy transfer from the donor to acceptor via dipole-dipole interactions decreases the donor's fluorescent lifetime, and the amplitude of the donor's fluorescent lifetime decreases as the FRET efficiency increases: [20] [21] [22] [23] Compared with the lifetime of the donor in the absence of the acceptor (t D ), the lifetime of the donor in the presence of the acceptor (t DA ) fluctuates on a relatively larger scale, reflecting the different energy transfer efficiency between the donor and acceptor due to the D-A distance fluctuation associated with the protein conformational dynamics. Given a subtle fluctuation of the donor's lifetime in the absence of the acceptor, the relation between E FRET and the donor's lifetime in the presence of the acceptor (t DA ) is anticorrelated, referring to eqn (3); i.e., the FRET efficiency increases when the donor lifetime (t DA ) decreases, and vice versa. Therefore, we are able to study the single-molecule conformational dynamics by measuring the donor's lifetime trajectory t DA B t in the presence of the acceptor, where t is the chronic time of data recording. 24, 25 Compared with the fluorescence intensity based FRET trajectory E FRET B t measurement (eqn (2)) where both I D and I A need to be measured simultaneously, the fluorescence lifetime based FRET measurement of lifetime trajectory t DA B t can be achieved by monitoring only the donor's lifetime signal (t DA ) in the presence of the acceptor. In this way, the FRET detection is more effective under various single-molecule spectroscopy measurement conditions where fluorescence intensity may be influenced and perturbed by local environment fluctuations that are irrelevant to the intrinsic protein conformational dynamics. [26] [27] [28] [29] Overall, lifetime based FRET can be a more accurate method to probe the conformational dynamics of proteins under complex measurement conditions, such as AFM tip-enhanced single-molecule spectroscopic and imaging measurements. [30] [31] [32] [33] In this article, we report a single molecule lifetime-based FRET method to study conformational dynamics of a protein via the time-correlated single photon counting technique. We chose HPPK (6-hydroxymethyl-7,8-dihydropterin pyrophosphokinase) as a model system to demonstrate this single molecule lifetime-based FRET method. HPPK, a single-subunit kinase of 18 KDa, 158 residues ( Fig. 1) , catalyzes the transfer of pyrophosphate from HP (6-hydroxymethyl-7,8-dihydropterin) to HPPP (6-hydroxymethyl-7,8-dihydropterin pyrophosphate) with ATP (adenosine-5 0 -triphosphate) participation. This catalytic phosphorylation reaction, as a critical reaction in the folate biosynthetic pathway, is a promising target for potential antibacterial drug development. It has been reported that among three catalytic loops involved in the enzymatic conformational changes ( Fig. 1) , loop 3 undergoes the most measurable conformational motions.
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Experiments and theoretical analysis
We received the Cy3/Cy5 donor-acceptor labeled HPPK from Prof. Honggao Yan of Michigan State University, and the Cy3/Cy5
FRET pair are labeled at the amino acid residues 88 on loop 3 and residue 142 on protein core close to the active site of the enzyme (Fig. 1A) . In our experiments, 0.1 nM HPPK, 100 mM ATP and 100 mM HP were sandwiched between two clean glass cover-slips in 1% agarose gel (in 99% water). In the 1% agarose gel, single HPPK enzyme molecules can rotate freely to perform its enzymatic activity, and the substrates along with the corresponding products can diffuse uninterruptedly. 16 In all measurements, the solution environment was 50 mM tris buffer (pH = 8.3) and 10 mM MgCl 2 , oxygen scavenger was added into the solution to reduce photobleaching of the dye and Trolox was added into the solution to reduce the dye's unfavorable triplet state. 2 We used femtosecond pulse laser excitation and a home-built two-channel single-molecule FRET lifetime microscope. A detailed description of our measurement and instrumentation has been reported previously.
14 Briefly, an inverted confocal microscope (Axiovert 200, Zeiss) integrated with an electropiezo-driven nanopositioner (Physik Instrumente) was used for the measurements. An 76 MHz femtosecond Ti:Sapphire laser (Mira 900 oscillator, and Mira OPO, Coherent) operating at 1064 nm was frequency doubled to 532 nm using a BBO crystal. The confocal beam was reflected by a dichroic beam splitter (z532rdc, Chroma Technology) and was focused by a high-numerical-aperture objective (1.3 NA, 100 Â, Zeiss) on the sample at a diffraction limited spot of B300 nm diameter. To obtain the fluorescence images and intensity trajectories, the emission signal was split with a dichroic beam splitter (640 dcxr) into two color beams centered at 570 nm and 670 nm representing Cy3 and Cy5 emissions, respectively. The two signal channels were detected by a pair of Si avalanche photodiode single photon counting modules (SPCM-AQR-16, Perkin Elmer Optoelectronics). Typical images (10 mm Â 10 mm) were acquired by computer-controlled raster-scanning the sample over the laser focus with a scanning speed of 4 ms per pixel, with each image of 100 pixels Â 100 pixels. The fluorescence intensities trajectories of the donor (Cy3) and accepter (Cy5) were recorded through a PHR800 four channel detector router (PicoQuant) to a PicoHarp 300 (PicoQuant) time correlated single photon counting (TCSPC) module. 24, 25, 37, 38 The arrival time t p and the delay time (t p , between the laser excitation pulse and the fluorescence photon emission) of each fluorescence photon are recorded by TCSPC (Fig. 2) . Not only the intensity time trajectory but also lifetime trajectory can be obtained by analyzing these two parameters of each fluorescence photon (Fig. 3) . We have used autocorrelation function to analyze the single-molecule FRET fluctuation dynamics.
The autocorrelation C(t) functions [39] [40] [41] [42] [43] are defined by eqn (4):
where I(t) represent the signal variables measured in time trajectories {I(t)}.hIi is the means of the fluctuation trajectories of I(t).
Results and discussion
Fig . 3 shows a typical single-molecule lifetime trajectory collected from a Cy3-Cy5 labeled HPPK molecule under enzymatic reaction conditions with substrates of 100 mM ATP and 100 mM HP, which illustrates the basis of single molecule donor's lifetime trajectory t DA B t measurements. In this measurement, we record each fluorescence photon's real arrival time t p and each fluorescence photon's delay time t p related to the laser pulse excitation (Fig. 2) . Fig. 3A shows a portion of single-molecule photon stamping raw data from the donor channel in a period of 0.8 s. For each detected photon, we recorded two parameters: a chronic arrival time (t) and a delay time related to the femtosecond laser pulse excitation (t p ) (Fig. 2) . The chronic arrival times of the fluorescence photons contain the information about the photon flux so that we can count and bin the photons in a given time scale, for example, 10 ms binning time, to obtain a typical fluorescence intensity trajectory shown in the bottom panel in Fig. 3D . Furthermore, we plot the histogram of the photon delay times in a binning period (10 ms) to obtain the fluorescence lifetime in each time bin (Fig. 3B) . The lifetime (t DA ) in each 10 ms bin (Fig. 3B) can be obtained by fitting the histogram of delay time of all the photon in 10 ms bin with exponential function or by calculating the mean of the delay time of all of the photons in 10 ms bins. We typically treat the photon counting distribution in each bin as a Poisson distribution that gives the means of each distribution as the fluorescence lifetime, t DA . 44, 45 In Fig. 3B , we show typical histograms of the fluorescence photons' delay time in 10 ms bins under different FRET states. The decrease in fluorescence lifetime, comparing left and right panels, indicates an increase of the FRET efficiency, most likely resulting from the decrease of donor-acceptor separation distance (insets in Fig. 3B ). After calculating all the delay times in each 10 ms bin from the original photon stamping data (Fig. 3A) , and connecting the lifetime data resolved in all of the time bins, we obtain the lifetime trajectory of the donor (t DA B t, shown in Fig. 3C ). The lifetime trajectory of the donor involved in FRET reports the E FRET fluctuation associated with the enzyme conformational fluctuation, based on eqn (3). Therefore, by analyzing the donor lifetime trajectory, we are able to detect conformational dynamics, probing real-time donor-acceptor distance changes.
To demonstrate that the enzymatic conformational dynamics obtained from the lifetime trajectory is correlated with that from the FRET efficiency trajectory, we have used single molecule lifetime-based FRET to study the conformational dynamics of Cy3/Cy5 labeled HPPK enzyme in a catalytic reaction. Fig. 4A and B show donor-acceptor two channel single molecule fluorescence images (10 mm by 10 mm) of HPPK (0.1 nM) molecules labeled with Cy3 and Cy5 dye probes in the presence of 100 mM ATP and 100 mM HP, confined in 1% agarose gel (containing 99% water) sandwiched between two cover slips. Each individual feature in the images is attributed to a single HPPK molecule, and the intensity variations among the molecules are due to FRET. Fig. 4C shows the obtained single-molecule fluorescence intensity trajectory of the donor. Fig. 4D shows lifetime trajectory of donor t DA (purple) from Cy3(green)/Cy5(red)-labeled HPPK under enzymatic reaction conditions with 100 mM ATP and 100 mM HP, and the lifetime trajectory of t D (green) with only Cy3 labeled HPPK under the same conditions. It is clear that the lifetime trajectory of t D (green) with only Cy3 labeled HPPK is narrow compared to the lifetime trajectory of t DA with Cy3(green)/Cy5(red)-labeled HPPK in enzymatic reaction conditions. The narrow distribution of t D compared with t DA indicates the change in the lifetime trajectory of t DA is due to the FRET between donor and acceptor reflecting the conformational change in the enzymatic reaction. Fig. 4E shows the FRET trajectories calculated by eqn (3) from the data from Fig. 4D , where we use the fitting value 2.65 ns as t D to avoid introducing more measurement error. Fluorescence intensity autocorrelation functions can extract kinetics constants of chemical reactions or enzymatic reactions with single molecule fluorescence correlation spectroscopy. 46, 47 In comparing the validity of lifetime FRET recording, we calculated the autocorrelations of the single-molecule fluorescence intensity (Fig. 4C) , lifetime t DA (Fig. 4D) , and FRET (Fig. 4E) 24, 25, 37, 38, 45, 48, 49 The time resolution of single-molecule fluorescence FRET is usually limited by the binning time of single photon recording, it is difficult to observe molecular dynamics that occur on a time scale faster than the binning time. 26, 29 Simultaneous detection and analysis of both lifetime and fluorescence intensities have been successfully applied by using joint two-dimensional distribution plots of intensityderived FRET efficiency versus donor lifetime to identify interconverting states, 23, [50] [51] [52] [53] where intensity-derived FRET efficiency is correlated with the fluorescence lifetime of the donor quenched by FRET. Furthermore, because the rotational correlation time for proteins are comparable to the lifetime of fluorophores labeled on the proteins, another important application for lifetime-based FRET is the simultaneous measurement of single-molecule fluorescence anisotropy that can provide both the rotational diffusion and internal flexibility dynamic information of proteins. 24, 25, [54] [55] [56] Another important application for lifetime-based FRET is AFM tip correlated single-molecule FRET measurements. Due to the micro-mirror effect of the AFM tip under laser illumination, the intensity of donor and acceptor fluorescence and the calculated intensity-based E FRET were shown to be perturbed by the tip approaching/withdrawing movements. 31 However, lifetime-based E FRET can avoid the effect of tip perturbation associated intrinsically with the tip approaching/withdrawing movements. Fig. 5 shows the AFM tip correlated single-molecule FRET measurement using a fs pulse laser. The collected intensities (Fig. 5A ) of donor (green) and acceptor (red) as well as the correlated FRET efficiency (Fig. 5B ) that were calculated based on the measured fluorescence intensity change as the tip approached and withdraw from the Cy3-Cy5 labeled HPPK on a cover glass, Both Fig. 5A and Fig. 5B show the strong correlation with the AFM tip approaching/withdrawing movements, which is due to the so called ''mirror effect''. The tip as a mirror to reflect more fluorescence photons to the object as the tip is close to the dye labeled single-molecule proteins. In contrast, the lifetime-based E FRET trajectory (Fig. 5C) 
Conclusions
In conclusion, we present here a single molecule lifetime-based FRET method on the basis of single-molecule photon stamping spectroscopy to characterize conformational dynamics of an individual protein. The result shows that the lifetime of the donor is related to the donor-acceptor distance in FRET, and we can probe the change in the single-molecule donor-acceptor distance with time or the single-molecule conformational dynamics by measuring the donor's lifetime trajectory. Moreover, lifetime-based FRET only measures the donor's lifetime time trajectory and is independent of other factors from the measurements, such as, crosstalk, excitation intensity, collection efficiency, and position of the dye with respect to the excitation beam. These advantages make this approach very effective and reliable for single molecule enzymatic conformational dynamic studies, especially for future complex AFM tip correlated singlemolecule FRET manipulation and measurements of protein dynamics. 
